The endogenous neurotoxin, 1-methyl-6,7-dihydroxy-1,2,3,4-tetrahydroisoquinoline (salsolinol), has been considered a potential causative factor for the pathogenesis of Parkinson's disease (PD). In this study, we examined oxidative modification of neurofilament-L (NF-L) induced by salsolinol. When disassembled NF-L was incubated with salsolinol, the aggregation of protein was increased with the concentration of sasolinol. The formation of carbonyl compound was obtained in salsolinol-mediated NF-L aggregates. This process was protected by free radical scavengers, such as N-acetyl-L-cysteine and glutathione. These results suggest that the aggregation of NF-L is mediated by salsolinol via the generation of free radicals. We also investigated the effects of copper ion on salsolinol-mediated NF-L modification. In the presence of copper ions, salsolinol enhanced the modification of NF-L. We suggest that salsolinol might be related to abnormal aggregation of NF-L which may be involved in the pathogenesis of neurodegenerative diseases and related disorders.
Introduction
Salsolinol (1-methyl-6,7-dihydroxy-1,2,3,4-tetrahydroisoquinoline) ( Fig. 1) is an endogenous catechol-derived neurotoxin supposedly related to the development of Parkinson's disease (PD). Previous studies have shown that salsolinol is toxic to dopaminergic neurons under both in vitro and in vivo conditions. It has also been reported that salsolinol in conjugation with transition metal ions undergoes redox cycling to generate reactive oxygen species (ROS), most notably hydroxyl radicals which induce DNA strand scission and cell death. 1 Recent report has been revealed that salsolinol induced cell death by causing oxidative stress in dopaminergic SH-SY5Y cells, and prevented by metallothionein. 2 Neurofilament proteins have been implicated in the pathogenesis of several neurodegenerative disorders. Recent progress in PD research indicates that PD might be caused by protein aggregation due to aberrant protein folding or disturbed protein degradation. 3 Lewy bodies (LBs) are cytoplasmic inclusions that are present consistently and with greatest frequency in neurons of the substantia nigra and locus ceruleus of patients with PD. 4 Neurofilament proteins have been identified immunohistochemically as the major protein components of LB filament.
5 Neurofilaments are composed of three subunits, identified as light (NF-L), medium (NF-M), and heavy (NF-H), which assemble in a 6:2:1 ratio to form long macromolecular filaments. 6,7 All three subunits have been identified in LB. 8 Abnormal accumulation of neurofilaments in neurons is associated with other neurodegenerative diseases, such as Alzheimer disease (AD) 9 and amyotrophic lateral sclerosis (ALS).
10 It has been reported that the overexpression of mouse NF-L led to the severe loss of neurons in the parietal cortex and ventrobasal thalamus with age. 11 Other studies showed that transgenic mice overexpressing 4-fold mouse NF-L cause neuron degeneration and neuron loss, which resembles the pathology of ALS. 12 More recently, mass spectrometry revealed that the neuronal staining by glial fibrillary protein antibody was caused by a cross-reaction with NF-L. 13 This study implied that NF-L could accumulate in some tangle-like structures in Alzheimer brains. However, the precise biochemical and molecular mechanism underlying the salsolinol-mediated modification of neurofilament proteins is not reported. In the present study, we have investigated the oxidative modification of NF-L induced by salsolinol. Our results revealed that salsolinol led to the aggregation of NF-L through the generation of ROS. We found that copper ions enhanced salsolinol-mediated NF-L aggregation.
Materials and Methods
Materials. Salsolinol, sodium azide, N-acetyl-L-cysteine, glutathione, 2,4-dinitrophenyl hydrazine, 5,5-dimethyl-1-pyrroline N-oxide (DMPO), and trichloroacetic acid (TCA) were purchased from Sigma (St. Louis, MO, USA). Chelex 100 resin (sodium form) was obtained from Bio-Rad (Hercules, CA, USA). All solutions were treated with Chelex 100 resin to remove traces of transition metal ions.
Expression and Purification of Neurofilament-L. A full-length cDNA clone of mouse NF-L in a pET-3d vector, a generous gift from Dr. Beckman (University of Alabama) was transformed into E. coli (BL21). Protein expression was performed as previously described.
14 Bacteria were grown in Luria broth supplemented with 1 mM isopropyl β-D-thiogalactopyranoside beginning at an OD 600 nm reading of 0.8. Incubation was at 37 o C for 3 h. Bacteria were harvested by centrifugation (4,000 × g for 10 min at 4 o C), and resuspended in standard buffer (50 mM MES, 170 mM NaCl, 1 mM DDT, pH 6.25). The cells were lysed with a French press at a pressure of 20,000 pounds per square inch and centrifuged at 8,000 × g for 15 min at 4 o C. The supernatant was incubated for 3 h at 37 o C and then was centrifuged at 100,000 × g for 20 min at 25 o C. The pellets containing the aggregated NF-L proteins were washed twice with standard buffer before they were dissolved in urea buffer (25 mM Na-phosphate, pH 7.5, 6 M urea, 1 mM EGTA and 1 mM DDT). The sample was loaded onto a DEAE-sepharose column and the column was washed with urea buffer. The column was eluted with a linear 25-500 mM phosphate gradient in urea buffer and 1 mL NF-L eluted between 300 and 360 mM phosphate. These fractions were pooled and either used directly or stored at −70 o C for later experiments. Protein concentration was determined by the BCA method.
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Oxidation of Protein. Oxidative modification of NF-L (0.4 mg/mL) was carried out by incubation of the protein with salsolinol in 10 mM potassium phosphate buffer (pH 7.5) at 37 o C. After incubation of the reaction mixtures (0.1 mL), the mixtures were then placed into Ultrafree-MC filter and centrifuged at 10,000 × g for 1 h and then washed with Chelex 100 treated water and centrifuged for 1 h at same speed. This was repeated four times. The filtrate was dried by freeze drier and dissolved with phosphate buffer.
Analysis of Modified Protein. After treatment with various concentrations of salsolinol for 6 h, samples of the reaction mixtures were diluted with a concentrated sample buffer (0.25 mM Tris, 40% glycerol, 0.01% bromophenol blue). An aliquot of each sample was subjected to SDS-PAGE as described by Laemmli 16 using a 12% acrylamide slab gel. The gels were stained with 0.15% Coomassie Brilliant Blue R-250.
Detection of Carbonyl Moiety in the Protein. The carbonyl contents of the proteins were determined via spectrophotometric assays, as described elsewhere.
17 Both native and oxidized proteins were incubated with 10 mM 2,4-DNPH in 2.5 M HCl for 1 h at room temperature. After incubation, 20% TCA was added to the sample and the tubes were left in an ice bucket for 10 min and then centrifuged for 5 min with a tabletop centrifuge to collect the protein precipitates, after which the supernatants were discarded. Another wash was performed using 10% TCA, and the protein pellets were mechanically broken using a pipette tip. o C for 6 h in the presence of free radical scavengers and spin trap agent for 6 h. 100 mM azide, 100 mM mannitol, 25 mM N-acetyl-L-cysteine and 25 mM glutathione were used as the free radical scavengers. 100 mM DMPO was used as a spin trap agent. An aliquot of each sample was subjected to SDS-PAGE as described by Laemmli 16 using a 12% acrylamide slab gel.
Effect of Free Radical Scavengers and Spin Trap Agent on on the Formation of Carbonyl Compounds After the Incubation of NF-L with Salsolinol. NF-L (1 mg/mL) was incubated with 1 mM salsolinol 10 mM potassium phosphate buffer (pH 7.4) in the presence of 25 mM N-acetyl-L-cysteine or 25 mM glutathione or 100 mM DMPO at 37 o C for 6 h. Reaction mixtures reacted with 2,4-dinitrophenyl hydrazine and then the derivatives were measured by spectrophotometry.
Statistical Analysis. Values are expressed as the means ± S.D of three to five separate experiments. The statistical differences between the means were determined by the Student t-test.
Results and Discussion
To determine whether the modification of NF-L was induced by salsolinol, the reaction mixtures containing NF-L and salsolinol were subjected to SDS-PAGE analysis. As shown in Figure 2 , there was a salsolinol concentrationdependent increase in the formation of protein aggregates. When NF-L was incubated with 1 mM salsolinol, most of the protein was at the top of the gel. Neurofilaments proteins specifically expressed in neuron and axons, have been implicated in a range of neurodegenerative disorders. The common feature is the slow accumulation of neurofilament aggregates in neuronal cells accompanied by cell death. Since abnormal accumulation of neurofilaments was closely associated with neurodegenerative disorders, the aggregation of NF-L might have pathological significance.
The participation of free radicals in the modification of NF-L by salsolinol was studied by examining the inhibition of free radical scavengers and spin trap agent during the reaction of NF-L with slasolinol. The modification of NF-L was slightly suppressed in the presence of azide, mannitol, and DMPO, whereas the protein modification was significantly inhibited by N-acetyl-L-cysteine and glutathione (Fig. 3) . These results suggest that free radicals may participate in salsolinol-mediated NF-L modification. Our data provide indirect support for the recent hypothesis of an involvement of NF-L in several neurological disorders.
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With the discovery that protein oxidation results in the conversion of certain amino acid residues to carbonyl derivatives, 22 the presence of protein carbonyls has been employed fairly extensively as a measure of oxidative damage. 23 The method utilized for the detection of carbonylcontaining proteins involves derivatization with 2,4-DNPH followed by spectrophotometric analysis. 16 The result showed that the formation of carbonyl was increased with the concentration of salsolinol (Fig. 4) . Because free radicals led to the formation of carbonyl moiety in the protein, we investigated the effects of free radical scavengers and spin trap agent on protein carbonyl compound formation. NAcetyl-L-cysteine, glutathione and DMPO inhibited the formation of carbonyl compounds in salsolinol-treated NF-L (Fig. 5) . Protein carbonyls are generally detected at increased levels in both PD 24 and AD. 25 Oxidative modification of proteins by either the α-amidation pathway or oxidation of glutamyl side chains leads to formation of a peptide in which the N-terminal amino acid is blocked by an α-ketoacyl derivative. However, it has been shown that direct oxidation of lysine, arginine, proline, and threonine residues may also yield carbonyl derivatives. 26 The presence of carbonyl groups in proteins has therefore been used as a marker of ROSmediated protein oxidation in neurodegenerative disorders.
Trace metal such as iron and copper, which are variously present in biological systems, were shown to generate ·OH through Fenton reaction and then led to damages of macromolecules. [27] [28] [29] [30] The cleavage of the metalloproteins by oxidative damage may lead to increases in the levels of metal ions in some biological cells. 31 It has been reported that copper concentration was significantly increased in the cerebrospinal-fluid of PD patients 32 and that in the cerebrospinal-fluid copper concentration was increased 2.2-fold in AD patients. 33 These reports suggested that copper-catalyzed oxidative reaction might contribute to the pathogenesis of neurodegenerative disorders. In the present study, we investigated the effects of copper on salsolinol-mediated NF-L modification. When NF-L was incubated with copper ion alone, the protein remained (Fig. 6, lane 2) . However, the protein was aggregated after the incubation of salsolinol and copper ion (Fig. 6, lanes 4-6) . These results suggested that copper ions might be involved in the modification of NF-L induced by salsolinol. We investigated whether this effect specific to NF-L. When bovine serum albumin (BSA) was incubated with salsolinol and copper ion, the modification of protein increased in a copper ion concentration-dependent manner. However, unlike NF-L, BSA showed a fragment patterns (Fig. 7) . It is therefore evident that the effect of copper ion elicits a different pattern of protein oxidation.
In summary, the modification of NF-L was induced by salsolinol, involving free radical generation. The copper ions can lead to protein oxidation in salsolinol-mediated neurodegeneration. Therefore, the salsolinol-mediated NF-L modification might be associated with the pathogenesis of PD and related disorders. 
